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Abstract We analyze plasma, magnetic ﬁeld, and electric ﬁeld data for a ﬂux transfer event (FTE) to
highlight improvements in our understanding of these transient reconnection signatures resulting from
high-resolution data. The ∼20 s long, reverse FTE, which occurred south of the geomagnetic equator
near dusk, was immersed in super-Alfvénic ﬂow. The ﬁeld line twist is illustrated by the behavior of ﬂows
parallel/perpendicular to the magnetic ﬁeld. Four-spacecraft timing and energetic particle pitch angle
anisotropies indicate a ﬂux rope (FR) connected to the Northern Hemisphere and moving southeast. The
ﬂow forces evidently overcame the magnetic tension. The high-speed ﬂows inside the FR were diﬀerent
from those outside. The external ﬂows were perpendicular to the ﬁeld as expected for draping of the
external ﬁeld around the FR. Modeling the FR analytically, we adopt a non-force free approach since the
current perpendicular to the ﬁeld is nonzero. It reproduces many features of the observations.
1. Introduction
The major aim of the Magnetospheric Multiscale Mission (MMS) is to make observations in the diﬀusion
regions (DRs) of reconnection sites, where energy is transferred from the magnetic ﬁeld to the particles.
DRs are spatially small structures but have large-scale consequences formagnetospheric dynamics.With scale
sizes of a few tens of kilometers, a spacecraft can cross them in a few seconds. MMS was designed to provide
multipoint, high time resolution data to accurately study DRs.
One aspect of the interaction of the magnetosphere with the solar wind is the transient form of reconnec-
tion occurring in short bursts and called ﬂux transfer events (FTEs) [Russell and Elphic, 1978]. These may
be isolated, i.e., have lost magnetic connection with the X line, or still active, so-called “crater” FTEs, where
regions of the structure are still magnetically connected to the X line [LaBelle et al., 1987; Rijnbeek et al.,
1987; Farrugia et al., 1988, 2011]. Much has been learned about FTEs from the ISEE, Cluster, and Time History
of Events and Macroscale Interactions (THEMIS) missions. How is high-resolution data going to improve
on this?
(i) With four-spacecraft timing at very short time scales, we derive the motion of small structures relative to
the spacecraft [Russell et al., 1983]; (ii) we get a better handle on ﬂows parallel/perpendicular to B even for
events lasting a few seconds; (iii) we make detailed study of the draping of the ambient ﬁeld around the FTE;
(iv) we determine small-scale currents; and (v) we introduce electric ﬁeld measurements in FTE analyses.
In this paper we focus on an FTE observed by MMS on 15 August 2015. We use data from the ﬂuxgate
magnetometers [Russell et al., 2014] (resolution in burst mode = 128 Hz), Fast Plasma Investigation (FPI)
[Pollock et al., 2016] (resolution = 8 and 34 Hz for ions and electrons, respectively), Electron Drift Instrument
(EDI) [Torbert et al., 2014] (resolution = 1024 Hz in burst mode), and electric ﬁeld [Lindqvist et al., 2014]
(resolution = 32 Hz). These are much higher than previously available, especially the plasma measurements.
RESEARCH LETTER
10.1002/2016GL068758
Special Section:
First results from NASA’s
Magnetospheric Multiscale
(MMS) Mission
Key Points:
• Draping signatures around an FTE
• Non-force free modeling of the
FTE ﬂux rope
• Detailed plasma behavior in and
around FTE
Supporting Information:
• Supporting Information S1
Correspondence to:
C. J. Farrugia,
charlie.farrugia@unh.edu
Citation:
Farrugia, C. J., et al. (2016),
Magnetospheric Multiscale Mission
observations and non-force free
modeling of a ﬂux transfer event
immersed in a super-Alfvénic ﬂow,
Geophys. Res. Lett., 43, 6070–6077,
doi:10.1002/2016GL068758.
Received 18 MAR 2016
Accepted 17 MAY 2016
Accepted article online 23 MAY 2016
Published online 30 JUN 2016
©2016. American Geophysical Union.
All Rights Reserved.
FARRUGIA ET AL. MMS OBSERVATIONS ANDMODELING OF A FTE 6070
Geophysical Research Letters 10.1002/2016GL068758
Figure 1. (ﬁrst to ninth panels) Magnetic ﬁeld components in GSM coordinates, total ﬁeld strength, proton density and
ion (blue) and electron (red) temperatures, bulk speed and GSM velocity components, Alfvén Mach number, and the
pressures (black = magnetic; red = proton + electron, and blue = total pressure).
We target the following topics: (i) connectivity (North/South Hemisphere) and direction ofmotion; the former
is derived independent of the polarity of the normal B component, which can be an ambiguous indicator
[Daly et al., 1984], (ii) observational eﬀects of the draping of magnetic ﬁeld lines around the FTE immersed in
a super-Alfvénic ﬂow, and (iii) non-force free modeling.
The layout of the paper is as follows. We present an overview ﬁgure of observations from MMS1. This brings
out various features that we will discuss in the succeeding sections. We ﬁnish with a discussion.
2. Observations
Figure 1 shows anoverviewplot fromMMS1 for the 1min interval 13:25:20 to 13:26:20UT, 15August 2015. The
spacecraft were approaching apogee, and MMS1 was located in the magnetosheath at (1.325, 9.159,−4.319)
RE (GSM; at start of the event). The geomagnetic latitude and local time were −20.7∘ and 16.5 h, respectively.
The spacecraft separation was 150–200 km. The observations were made under very compressed magneto-
sphere conditions (Pdyn ≈ 11 nPa) during the passage of an interplanetary coronal mass ejection. (Figure S1
in the supporting information.)
A clear FTE is observed in the interval bracketed by the two vertical guidelines. (i) A large rotation in B, with
a bipolar variation in its y component. Given the location of MMS, the y direction may be taken as a rough
proxy for the local magnetopause normal. The sign change of By at the start of the FTE (ﬁrst vertical dashed
line) will be used in four-spacecraft timing. The helicity of the underlying ﬂux rope is left handed. (ii) There is
a strongmagnetic ﬁeld which peaks at∼120 nT near the By polarity change. The event lasts for∼20 s and has
a peak-to-peak By excursion ∼130 nT. It starts and ends in the magnetosheath. (iii) The negative-to-positive
By variation indicates a reverse FTE. (iv) Inside the ﬂux tube there is a drop in Np and a concomitant rise in Tp
and Te, as expected for magnetosheath FTEs. (v) There are accelerated ﬂows which start even before MMS1
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Figure 2. PA information of raw count rates of 500 eV electrons from EDI in burst mode. (top) PA = 0∘. (middle) PA = 180∘.
See also supporting information Figure S3. (bottom) The arrival of the front boundary of the FTE at the various
spacecraft.
enters the ﬂux tube. (vi) The Alfvén Mach number MA shows that the ambient ﬂow (say at 13:25:20 UT) is
super-Alfvénic. (vii) The pressure proﬁles show a dominance of the magnetic pressure PB around the center,
but not near the edges.
2.1. Motion and Connectivity of the FTE
Reverse FTEs are typically connected to the Southern Hemisphere [Rijnbeek et al., 1982]. The connectivity
here is best seen through particle data. We use 500 eV electrons from EDI [Torbert et al., 2014; Burch et al.,
2015]. Figure 2 shows a strong increase in the count rates at 180∘ pitch angle (PA). Now from Figure 1, the
electron energy in the magnetosheath is approximately a few tens of eV. The electrons at EDI must, then, be
coming from the magnetosphere, and their PA anisotropy indicates magnetic connection to the Northern
Hemisphere. This inference is corroborated by FPI data, also showing consistent PA anisotropies of energetic
electrons (962–2026 eV; supporting information Figure S2).
The direction of motion is inferred using four-spacecraft measurements [Russell et al., 1983]. We deter-
mined the arrival time of the front boundary of the FTE (see Figure 2) and obtained a propagation
velocity = 106.7 × (−0.09, 0.47, −0.88) km/s (GSM). Thus, we have an FTE connected to the Northern
Hemisphere and moving southeast.
2.2. Plasma Flows in and Around the FTE
Inside the ﬂux rope the magnetic ﬁeld is twisted [Cowley, 1982; Paschmann et al., 1982]. Data from past mis-
sions such as Cluster or THEMIS would have only 5 to 7 points inside the FTE. With the high-resolution MMS
data, we can visualize the ﬁeld twist rather nicely from the ﬂows, as shown in Figure 3. The ﬂow pattern inside
the FTE reﬂects the two-component B-ﬁeld (ﬁrst–fourth panels). The axial B component is a minimum, and
the azimuthal B component is a maximum, at the ﬁrst outer boundary. Here V⟂ is maximum and V∥ is mini-
mum. AxialBmaximizes near the axis, where simultaneously azimuthalB is at aminimum. Here in turn,V∥ is a
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Figure 3. The proton velocities in ﬁeld-aligned coordinates. (ﬁrst to fourth panels) Red (black) traces refer to the parallel
(perpendicular) components. (ﬁfth panel) The angle between B and V. (sixth to eighth panels) The components of B
in minimum variance coordinates ijk. (ninth panel) The plasma velocity in the ik plane, i.e., containing the FR axis (k)
and perpendicular to the incoming ﬂow velocity (j).
maximum and V⟂=0. The presence of an azimuthal B component results in a quasisinusoidal and anticorre-
lated pattern in the perpendicular and parallel ﬂows.
Accelerated ﬂows are seen in the FTE. But there are also accelerated ﬂows just outside it (Figure 1), and diﬀer-
ent components are accelerated or deﬂected. Vy and |Vz| increase on approaching the FTE. |Vx| is enhanced
inside the tube, but not outside, while Vy is reduced inside. Outside the FTE and starting at 13:25:26 UT, the
ﬁeld-aligned ﬂows in Figure 3 show a clear enhancement in the component perpendicular to the ﬁeld but
not in the parallel component (fourth and ﬁfth panels). This is indicative of draping. In summary, we have
two types of accelerated ﬂows, due to diﬀerent origins: reconnection inside and ﬁeld line draping outside the
ﬂux rope.
2.3. Orientation of the Flux Rope Axes at the Various Probes
We performed a minimum variance analysis on high-resolution magnetic ﬁeld data [Sonnerup and Cahill,
1967; Sonnerup and Scheible, 1998]. We ﬁnd an exceptionally well-determined axis orientation, with the
ratio of intermediate-to-minimum eigenvalues of 20 (MMS1), 24 (MMS2), 28 (MMS3), and 32 (MMS4)
(supporting information Table S1). The axes are practically alignedwith each other, theminimumangle being
that between MMS1 and MMS3 (∼0.3∘) and the maximum between MMS2 and MM4 (∼12.6∘). Following
Goldstein [1983] but in a diﬀerent context, we note that in the (ijk) system employed here the axis (k) cor-
responds to the intermediate eigenvalue. The unit vector j, corresponding to the minimum eigenvalue, is
oriented such that the largest ﬁeld rotation takes place in the ik plane. Figure 3 (sixth to eighth panels) shows
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Figure 4. The current densities, determined from the FPI instrument for MMS1. (ﬁrst to third panels) Perpendicular
and parallel current densities are shown in black and red, respectively. (fourth panel) Ratio of current densities.
the result for MMS1. Almost perfect symmetry results (even more impressive at MMS3, Figure S3). The small
but nonzero Bj , present at all spacecraft, indicates a spacecraft trajectory which does not pass through the
axis. Taking this “impact parameter” to be zero, and using the propagation speed and a duration of 21.4 s,
we estimate a ﬂux tube radius of ∼0.18 RE .
We now discuss Figure 3 (ninth panel), showing the velocity in the ik plane. As it approaches the ﬂux rope, the
ﬂow accelerates (from 40 to 125 km/s) while aligning itself parallel to the tube and perpendicular to B. The
draping region (∼13:25:26 to ∼13:25:38 UT) is approximately one ﬂux rope radius.
The spacecraft positions in the LM plane when the front boundary crosses are shown in Figure S4. Shown in
orange is the projection of the propagation velocity derived above. The magnetopause plane (LM) is viewed
from the Sun. Since there were no magnetopause crossings close enough to obtain the normal to the mag-
netopause from a cross product or a minimum variance analysis of the ﬁeld or currents, we derived this from
the Shue et al. [1998] model (supporting information Figure S5). At 13:25 UT, N = (0.61, 0.72,−0.34), i.e., with
a major component along GSM Y, but also pointing south, consistent with the position of MMS.
2.4. Analytical Modeling of the FTE Flux Rope
Figure 1 (ninth panel) shows that the plasma 𝛽 rises above unity near the edges of the event. This questions
the validity of using force free modeling (j × B = 0) here. Thanks to high-resolution MMS measurements, we
now derive a direct conﬁrmation of this from the current densities.
In force free conditions, j⟂ = 0. In Figure 4 we show the current densities for MMS1 as derived from FPI data.
J = neq(Vi − Ve), where ne is the electron density, q is the electron charge, and Vi and Ve are the velocities
of the protons and electrons, respectively. We plot the ﬁve-point-smoothed perpendicular (black) and paral-
lel velocities. Figure 4 (ﬁrst and fourth panels) shows that J⟂ is generally not zero for this FTE. For analytical
modeling of the ﬂux tube we shall thus use a non-force free model.
Speciﬁcally, we apply that of Hidalgo et al. [2002]. In this model, the tube cross section is taken to be circular.
Current densities are assumed to be constant, with the radial component = 0. From Maxwell’s equations, it
is found that the poloidal (azimuthal, 𝜙) component of the magnetic ﬁeld results from the toroidal compo-
nent of the current density (B𝜙 = (𝜇0∕2)jkr), and the toroidal (axial, k) ﬁeld component is due to the poloidal
component of the current density (Bk = 𝜇0j𝜙(R − r). Here R is the tube radius and r gives the position of the
spacecraft inside the ﬂux tube.
We then carry out a least squares ﬁt. We do not assume an axis orientation. The ﬂux tube’s magnetic ﬁeld is
sampled along the spacecraft trajectory at spatial intervals given by the z component (main one) of the prop-
agation velocitymultiplied by the time. Figure 5 shows the ﬁtted curves in various colors and the data (dotted)
for all four spacecraft. The ﬁts are fairly good. The derived J’s range from 2.1 μA/m2 (MMS1) to 2.8 μA/m2
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Figure 5. Fits to the Hidalgo model (see text for details). The data from the various spacecraft are shown with colored
dots (legend at the top). The ﬁts are shown by colored line traces.
(MMS3), i.e., within a factor of 2 of the values obtained from FPI data. The impact parameters lie in the range
0.19 R (MMS3) and 0.28 R (MMS1), consistentwith the strength of themagnetic ﬁeld seen at the various space-
craft (supporting information Table S2). The ﬂux tube radius R is calculated as ∼0.14 RE . The orientations of
the axis at the various spacecraft are within a few degrees from those determined by minimum variance.
3. Discussion
The aim of this paper is to show how high-resolution magnetic ﬁeld, electric ﬁeld, and plasma data acquired
by four closely spaced spacecraft can add to our knowledge of FTEs, a staple in reconnection processes at the
magnetopause. The event was observed near dusk at low geomagnetic latitudes. It occurred during passage
of the rear end of a 5.5 h long span of high dynamic pressure on 15 August 2015 during the passage of an
ICME. We now elaborate on some points arising from the data analysis.
In the absence of more accurate data-basedmethods, we used the Shue et al. [1998] magnetopause to obtain
the magnetopause normal. This model was derived for extreme interplanetary Bz and Pdyn conditions, so it is
appropriate here since both relevant parameters were high (−8 nT and −11 nPa, respectively). Soon after the
event the pressure ﬂuctuated while dropping to lower values and this hindered a robust identiﬁcation of a
magnetopause crossing.
The FTE was a reverse FTE, which is usually connected to the Southern Hemisphere [Rijnbeek et al., 1982].
The anisotropies of particle data from EDI and FPI showed, instead, a topological connection to the Northern
Hemisphere. Four-spacecraft timing gave a propagation velocity in a southeast direction. Such a situation is
rare, but not unknown. FTEs moving north and connected to the Southern Hemisphere were, for example,
discussed by Daly et al. [1984]. The balance of forces is central. In our case, the (southward) forces exerted by
the ambient ﬂow have to exceed those due to (northward) magnetic tension in the bent ﬂux tube, which are
released at a speed less than the Alfvén speed. This is satisﬁed if the external ﬂow is super-Alfvénic, which is
the case here (Figure 1). The important issue as to where the X line(s) was/were with respect to the spacecraft
is reserved for a future study.
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In our analysis we followed the “isolated ﬂux rope” paradigm [Russell and Elphic, 1978]. We checked that
E + V × B = 0, so this is a valid assumption. (Supporting information Figure S6.)
The ﬂow behavior was particularly interesting. We documented two types of accelerated ﬂows, aﬀecting dif-
ferent components: reconnection (inside the ﬂux rope) and draping of the ﬁeld external to the ﬂux rope,
focusingon the latter.Wegavewhatwebelieve are the ﬁrst observations ondraping-related accelerated ﬂows
around an FTE-FR immersed in a compressible ﬂow. The draped ﬁeld exerts a J × B force, which accelerates
theplasmaperpendicular, but not parallel, to themagnetic ﬁeld. This acceleratedﬂowwas furthermore shown
to be aligned parallel to the FR, i.e., in the (ik) plane. The width of the draping region was about the FR radius.
The situation has an analog in the draping pattern near the magnetopause. Draping of the magnetosheath
ﬁeld around the magnetopause has been addressed in various studies [Chen et al., 1993; Farrugia et al., 1998;
Rosenqvist et al., 2007; Lavraud et al., 2007; Lavraud and Borovsky, 2008; Erkaev et al., 2011, 2012; Harris et al.,
2013]. One major result is that as a result of the magnetic tension and pressure, the magnetosheath ﬂow
near the magnetopause is accelerated in a direction perpendicular to the magnetic ﬁeld. In such studies
an enhancement of the magnetosheath ﬂow velocity in a direction perpendicular to B is taken as irrevo-
cable proof of draping. Finally, we note that we directed our attention to the magnetosheath region near
the front boundary of the FTE. Near its rear boundary, complex processes are likely taking place (Figure 1).
Understanding these is subject of future work.
Another novel aspect is the non-force free ﬁtting of the FTE FR in a terrestrial context. In a few previous
attempts researchers have used linear force-free ﬁtting [Lundquist, 1950]. Thismay sometimes be appropriate
[see Zhang et al., 2008], but not in this case because J⟂ is nonzero. We showed results from one such model.
The general agreement with observations motivates the future use of other non-force free models, possibly
ones with fewer assumptions. For completeness, we also compared the results with those obtained from lin-
ear force free ﬁtting. We found that the normalized goodness-of-ﬁt parameter (𝜒2) is comparable to, but not
better than, that obtained in the force-free case. This again stresses the need of trying other non-force free
models.
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